Various photofunctional metal complexes with functional groups, i.e. bromo and vinyl groups, were integrated into hetero-multinuclear complexes using the Mizoroki-Heck reaction. The obtained trinuclear complexes absorb a wide range of visible light and have a long excited state lifetime and the photocatalytic ability to obtain CO 2 reduction.
Introduction
Multinuclear transition-metal complexes with photofunctional properties, many of which are constructed using the same repeated metal complexes, have become of interest in recent years because of their potential use in dye-sensitised solar cells 1 and light-harvesting systems. 2 Hetero-multinuclear metal complexes constructed using different functional units have recently been found to be efficient photocatalysts for the oxidation of water, 3,4 evolution of hydrogen, [5] [6] [7] and CO 2 reduction. [8] [9] [10] [11] [12] [13] For example, Ru(II)-Re(I) dinuclear complexes, in which the Ru(II) unit works as a photosensitiser and the Re(I) unit works as a catalyst, are effective photocatalysts for CO 2 reduction because of rapid intramolecular electron transfer from the photochemically-reduced Ru(II) unit to the Re(I) unit. 10 Most of these multinuclear metal complexes have been synthesised using stepwise methods with several complexation steps. 14 A mononuclear complex with a multidentate ligand having one chelating moiety already coordinated to the metal centre and another able to coordinate is synthesised first, which can then react with another metal centre to afford a dinuclear complex. Various multinuclear complexes have been synthesised by repeating these processes; however, there are some limitations with respect to the product selectivity achieved using this method. For example, a bridging ligand with a number of different diimine moieties can react with a metal complex (or complexes) to give a mixture of products with different numbers of metal complexes and/or with one or more metal complexes connected to different diimine moieties.
There are several reports of one-pot syntheses of heterodinuclear complexes using an asymmetric bridging ligand with two different coordination sites. 15 This synthetic method requires very different rates of coordination reactions of each metal ion to each coordination site for high production selectivity of one heteronuclear complex.
Homo-coupling reactions of metal complexes have recently been applied for the synthesis of asymmetric dinuclear complexes, though the isolated yields were relatively low (5.4%-8.5%). 16 It has also been reported that cross-coupling reactions (Sonogashira coupling [17] [18] [19] and Suzuki-Miyaura coupling [20] [21] [22] ) were used to synthesise multinuclear complexes. In this method, each complex possessing functional groups such as a bromo group, an ethynyl group, or a boronic-acid substituent as building blocks can be connected to give a heteronuclear complex with a relatively high degree of selectivity.
Herein we report the first use of the Mizoroki-Heck reaction 23, 24 in a coupling reaction with different types of emissive metal complexes (Ru(II), Ir(III) and Re(I) complexes with one or more diimine ligands) to give multinuclear complexes with various photofunctional properties. We chose two types of Re(I) complexes as building blocks (eqn (1)) to determine if the Mizoroki-Heck reaction is able to couple different photofunctional metal complexes. An acetonitrile (MeCN) solution (4 mL) of the two Re(I) complexes, one with a bromo group ([Re(Br,Et)] + , 23 μmol) and the other with a vinyl group ([Re(CvC,OEt)] + , 23 μmol), was heated in the presence of palladium acetate (Pd(OAc) 2 , 4.5 μmol), triphenylphosphine (PPh 3 , 9.2 μmol) and sodium acetate (AcONa, 140 μmol) at 75°C under an Ar atmosphere for one day. Ar was pumped into the reaction mixture during synthesis. The solvent was evaporated once the reaction reached completion. An MeCN solution (4 mL) of Pd(OAc) 2 (4.5 μmol) and PPh 3 (9.2 μmol) was then added to the residue along with a small amount of air; this addition of air was needed to achieve a good yield. 25 The solution was heated for one day. Electrospray ionisation mass spectrometry (ESI-MS) analysis of the crude products indicated three major peaks attributed to [Re(OEt)Re-(Et)] 2+ as the main product, [Re(CvC,OEt)] + and [Re(bpy)-(CO) 2 (PEt 3 ) 2 ] + (bpy = 2,2′-bipyridine), which should be produced via debromination of [Re(Br,Et)] + (Fig. 1 ). The target dinuclear Re(I) complex ([Re(OEt)Re(Et)] 2+ ) was chromatographically isolated using silica gel and SP Sephadex as adsorbents, giving an isolated yield of 70%. Note that the reaction was much slower under anaerobic conditions, as a small amount of O 2 was required to accelerate the reaction.
Results and discussion
A single peak attributed to olefinic protons was observed in the 1 H NMR spectrum of [Re(OEt)Re(Et)] 2+ (Fig. 2 ). This suggests that either the cis or the trans isomer was formed. The product [Re(OEt)Re(Et)] 2+ was assumed to be the trans isomer because the Re(I) units on either side were bulky. Such a low-field resonance of the olefinic protons (δ = 8.07) was similar to the resonance seen for trans-1,2-bis(4-(4′-methyl)-2,2′-bipyridine)ethene. 26 The high resolution mass spectrum and 31 P NMR spectrum clearly show that neither the P(OEt) 3 nor the PEt 3 ligands on the Re(I) units have been substituted with the coupling reagents.
It should be emphasised that the selective synthesis of only one type of dinuclear complex with an asymmetric bridging ligand, such as [Re(OEt)Re(Et)] 2+ , is difficult using ordinary methods, which possibly results in a mixture of four types of dinuclear complexes, i.e. two types of complexes with identical phosphine ligands in both units and two structural isomers of complexes with two different phosphine ligands in each unit.
Synthesis of various trinuclear complexes using the Heck reaction
A similar reaction could successfully be used to synthesise various trinuclear complexes. At the centre of each of these products was a Re(I) complex with a bpy ligand and two other metal complexes as substituents (eqn (2) 2+ was performed and clearly showed that the phosphine ligands on the Re(I) unit were not substituted by the coupling reagents. The isolated yield of [Ru(dmb) 2 -Re(FPh)] 5+ was 25%. The isolated yield was relatively lower (8%) for [Ir( ppy) 2 Re(Ph)] 3+ , which had Ir(III) in both edge units, as the reaction between [Ir(CvC,ppy)] + and [Re(Br 2 ,Ph)] + was much slower than the other reactions; therefore, conversion of the starting complexes was low ( Fig. S5 , ESI †). The solvent was acetone-d 6 . The red square emphasises the peak attributed to olefin protons.
ð2Þ
Attempts were also made to use the Sonogashira coupling reaction to synthesise a trinuclear complex from a Ru(II) complex with an ethynyl group at the 4-position of the bpy moiety and [Re(Br 2 ,FPh)] + , as shown in eqn (3) . An N,N-dimethylformamide (DMF, 5 mL) solution containing the Ru(II) complex (38 μmol) , [Re(Br 2 ,FPh)] + (19 μmol), PdCl 2 (PPh 3 ) 2 (0.62 μmol), CuI (2.9 μmol) and diisopropylamine (1 mL) was heated at 50°C for 12 h under Ar. The reaction mixture was analysed by SEC and ESI-MS, which indicated that the target trinuclear complex with triple bonds between the Ru(II) and Re(I) units was successfully synthesised. Unfortunately, the trinuclear complex decomposed during the SEC purification process, most likely due to instability in the mobile phase (1 : 1 (v/v) mixture of methanol and MeCN containing 0.15 M CH 3 COONH 4 ). 27 ð3Þ
As described above, the complexes that were synthesized in this research are not obtained selectively using ordinary stepwise methods because mixtures of isomers with the metals in different units are produced. Isolating the target complex from such a mixture is often difficult because of the similarities between the molecular sizes, charges, and solubility of the isomeric complexes.
Photophysical properties of the trinuclear complexes
As typical examples, UV-Vis absorption spectra of the synthesised trinuclear complexes [Ru(dmb) 2 Re(Ph)] 5+ , [Re(OEt) 2 -Re(Ph)] 3+ and [Ir( ppy) 2 Re(Ph)] 3+ are shown with those of the corresponding mononuclear complexes in Fig. 3 (those of other complexes are shown in Fig. S4 , ESI †). The 1 MLCT absorption band of [Ru(dmb) 2 Re(Ph)] 5+ was observed between 370 nm and 570 nm and was red-shifted compared to the 1 MLCT absorption band of [Ru(CvC,dmb)] 2+ . This was most likely caused by extension of the π conjugation in the bridging ligand, decreasing the energy level of the π* orbital. 28 In addition, the molar extinction coefficient of the 1 MLCT absorption band was higher for [Ru(dmb) 2 Re(Ph)] 5+ than for the corresponding mononuclear complexes. This suggests that the transition has more π-π* character. The π-π* absorption band of [Ru(dmb) 2 Re(Ph)] 5+ with λ max = 288 nm had a shoulder at longer wavelengths, which was not observed in the summation spectra of the corresponding mononuclear complexes (a dotted line in Fig. 3a ). This shoulder can be attributed to the π-π* transition in the bridging ligand with a wide π conjugation system. In the case of [Re(OEt) 2 Re(Ph)] 3+ ( Fig. 3(b) ) and [Ir( ppy) 2 Re(Ph)] 3+ (Fig. 3(c) ), similar phenomena were observed, i.e. red-shifts of both the π-π* and 1 MLCT absorp- tion bands and increase of the molar extinction coefficients of the 1 MLCT absorption bands ( Table 1) .
All trinuclear complexes displayed emission ( Fig. 4 and S5 (ESI †)). The emission for each trinuclear complex was redshifted relative to the corresponding mononuclear complexes, and the emission quantum yield (Φ em ) for each trinuclear complex was much lower than those of the corresponding mononuclear complexes ( Table 1) .
The emission decay for each trinuclear complex could be fitted using a double exponential function ( Fig. S6 , ESI †). The emission lifetimes (τ em ) were similar to the corresponding mononuclear complexes, though the Φ em were much lower; therefore, the radiative decay of the excited states of the trinuclear complexes should be slower than those of the mononuclear complexes with respect to the following equations, which show the relationships among Φ em , τ em and the radiative and nonradiative decay constants (k r and k nr : eqn (4) and (5)).
This also indicates that the lowest 3 MLCT excited states of the trinuclear complexes contained higher π-π* characteristics than those of the mononuclear complexes. It has been reported that increase in π-π* character of the 3 MLCT excited states of transient metal complexes induces slower radiative decay. 26, 29 For a more detailed investigation of the excited states of the trinuclear complexes, time-resolved emission spectra and temperature dependence of the emission decay of [Ru(dmb) 2 Re(Ph)] 5+ were measured as a typical example. Fig. 5a shows the emission decays measured at various temperatures (243-333 K) after excitation at λ ex = 456 nm, where much weaker temperature dependence was observed compared to [Ru(dmb) 3 ] 2+ ( Fig. 5b and S7 (ESI †) ). It has been reported that emission decays of many Ru(II) 30 trisdiimine and Re(I) 31 diimine phosphine complexes are strongly dependent on temperature, becoming faster at higher temperature due to thermal interconversion from the lowest 3 MLCT excited state to the triplet ligand field excited state ( 3 LF), which causes rapid nonradiative decay (Fig. 6) . Therefore, the formation process of the 3 LF should be suppressed in the case of [Ru(dmb) 2 Re(Ph)] 5+ , as the extension of π* conjugation in the bridging ligand lowers the energy level of the 3 MLCT excited state. Suppression of this nonradiative decay process might be a reason for the long emission lifetime. Fig. 7a shows emission spectra recorded at various times after excitation at 456 nm. The shape of these time-resolved spectra gradually changed, as faster decay was observed at shorter wavelengths (Fig. 7b ). This might be caused by intramolecular energy transfer between the Ru and Re units.
Since the trinuclear complex [Ru(dmb) 2 Re(Ph)] 5+ has both photosensitiser (Ru) and catalyst (Re) units for CO 2 reduction, it was reasonably expected that this complex could act as a photocatalyst for CO 2 reduction. A mixture of DMF and triethanolamine (5 : 1 v/v) containing 0.05 mM [Ru(dmb) 2 Re(Ph)] 5+ and 0.1 M 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) was irradiated at λ ex = 600 nm for 22 h. Selective formation of CO was observed and the turnover number (TON CO ) reached 115. This TON CO was higher than that found using a Ru(II)-Re(I) dinuclear complex with a N^N-CH 2 -CH 2 -N^N bridging ligand (N^N = 4′-methyl-bpy) (TON CO = 50) under the same reaction conditions, which has been reported to be one of the most efficient supramolecular photocatalysts for the reduction of CO 2 using higher-energy light such as 480 nm, 10 because the absorption at λ = 600 nm is stronger. Under these reaction conditions, most Ru(II) moieties should be mainly excited (Fig. 3a) . After a reductive quenching process of the excited state of the Ru(II) unit by BIH, intramolecular electron transfer should proceed from the reduced Ru(II) unit to the Re(I) unit, followed by reduction of CO 2 on the reduced Re(I) unit.
Conclusions
We successfully synthesised various trinuclear complexes from photofunctional complexes possessing vinyl or bromo groups as building blocks in a single step using the Mizoroki-Heck reaction. The obtained trinuclear complexes displayed strong absorption over a wide range of visible light and a long emission lifetime.
[Ru(dmb) 2 Re(Ph)] 5+ functioned as a photocatalyst for CO 2 reduction, even by irradiation at 600 nm.
Experimental
General procedures 1 H NMR spectra were recorded using a JEOL AL400 (400 MHz) or an AL300 (300 MHz) instrument with the analyte dissolved in acetone-d 6 , MeCN-d 3 , or CDCl 3 . 31 P NMR spectra were recorded using a JEOL ECX400 (400 MHz) instrument with the analyte dissolved in acetone-d 6 . IR spectra were recorded using a JASCO FT/IR-610 spectrometer with a resolution of 1 cm −1 and with the analyte dissolved in dichloromethane. ESI mass spectrometry (MS) was performed using a Shimadzu LC-MS-2010A system, with MeCN as the mobile phase. 
Emission measurements
Each compound was dissolved in MeCN and degassed using the freeze-pump-thaw method prior to measurement. Emission spectra were recorded at 25°C using either a JASCO FP-8600 spectrofluorometer or a Hamamatsu C9920-02 system. The absolute emission quantum yields were evaluated using the Hamamatsu C9920-02 system equipped with an integrating sphere and a multichannel photodetector (PMA-12). Emission lifetimes were obtained using a HORIBA TemPro fluorescence lifetime system with an emission monochromator. The excitation light source was a NanoLED-560 pulse lamp and the instrumental response time was less than 0.1 ns. All emission decays were fitted by single or double exponential functions within appropriate χ 2 (0.96-1.24). Transient emission spectra were recorded by the point-to-point measurement method using a Horiba FluoroCube time-correlated single-photon counting system. Sensitivity of the system at each detection wavelength was calibrated using correction coefficients determined from the difference between [Ru(4,4′-dimethyl-2-2′bipyridine) 3 ] 2+ spectra recorded with the JASCO FP-8600 spectrofluorometer and the HORIBA TemPro fluorescence lifetime system.
Photocatalytic reactions
A 4 mL aliquot of a solution in an 11 mL-cubic-quartz cell (with a light passage length of 1 cm) was irradiated with 600 nm monochromic light obtained from a Xe lamp with a band-pass filter (FWHM = 10 nm). The incident light intensity was 4.3 × 10 −8 einstein per s. The gaseous reaction products (CO and H 2 ) were analysed using a GC-TCD instrument (GL Science GC323). HCOOH was analysed using a capillary electrophoresis system (Otsuka Electronics Co., CAPI-3300I).
Materials N,N-Dimethylformamide (DMF) was dried over the molecular sieve 4 Å and distilled under a decreased pressure (10-20 mmHg). TEOA was distilled under a decreased pressure (<1 mmHg). The DMF and TEOA were maintained under Ar until they were used. 1,3-Dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH), 11 4-methyl-4′-vinyl-2-2′-bipyridine (vbpy), 32 4,4′-divinyl-2-2′-bipyridine (dvbpy), 33 Ru(N^N) 2 Cl 2 (N^N = bpy or dmb), 34 [Ru(CvC,bpy)] 2+ , 35 [Ru(CvC,dmb)] 2+ , 35 [Ir(CvC,ppy)] + , 36 and 4′-bromo-2,2′-bipyridine, [37] [38] [39] Re-(CO) 5 Br 40 were prepared according to the reported methods with some modifications. All of the other reagents were of reagent grade quality and were used without further purification.
Synthesis
Re(I) complexes. Re(PEt 3 ) 2 (CO) 3 Br: Re(CO) 5 Br (457.9 mg, 1.127 mmol) and PEt 3 ethanol solution (20 wt%, 1.63 g, 2.759 mmol) were dissolved in toluene (60 mL, degassed using Ar) and refluxed under Ar for 12 days. Upon cooling to room temperature, the solvent was evaporated and a brown oil was obtained. The oily products were separated by flash column chromatography on silica gel (eluent: toluene, first fraction). After removing the solvent under a decreased pressure, white solids were obtained, which were recrystallized with MeOH/ water, washed with water, and then dried under vacuum. Yield: 203.7 mg (30.9%). FT-IR (in CH 2 Cl 2 ) ν CO /cm −1 : 2044, 1940, 1888. 1 Re(P(OEt) 3 ) 2 (CO) 3 Br. Re(CO) 5 Br (1.17 g, 2.89 mmol) and P(OEt) 3 (1.13 g, 6.82 mmol) were dissolved in toluene (100 mL), and the solution was refluxed under Ar for 28 h. After the solvent was evaporated, the residue was separated by column chromatography on alumina (collected as a first fraction, using 100 : 0-0 : 100 (v/v) CH 2 Cl 2 /hexane as the eluents). The obtained white solids were dried under vacuum. Yield:
Synthesis of multinuclear complexes using the Heck reaction. [Re(OEt) 2 Re(Ph)](PF 6 ) 3 . [Re(Br 2 ,Ph)](PF 6 ) (10 mg, 0.0081 mmol), [Re(CvC,OEt)](PF 6 ) (15 mg, 0.016 mmol), Pd(OAc) 2 (0.37 mg, 0.0016 mmol), PPh 3 (0.85 mg, 0.0032 mmol) and AcONa (3.3 mg, 0.041 mmol) were dissolved in MeCN degassed by N 2 (2 mL). The solution was refluxed at around 75°C under N 2 for 2 days in dim light. An MeCN solution (2 mL) containing Pd(OAc) 2 (0.37 mg, 0.0016 mmol) and PPh 3 (0.85 mg, 0.0032 mmol) was added and refluxed 2 days again. Evaporation of the solvent gave brown solids, which were purified twice by ion-exchange chromatography (SP Sephadex C-25 and CM Sephadex C-25; the eluent was a 1 : 1 v/v mixture of MeCN and water containing NH 4 PF 6 (0-8 mM)). The solvent was evaporated until solids were precipitated. The solid was washed with water and Et 2 O, and then dried at 60°C under vacuum. Yield: 7.4 mg (31%). 1 2 (0.52 mg, 0.0023 mmol), PPh 3 (1.5 mg, 0.0057 mmol) and AcONa (1.5 mg, 0.018 mmol) were dissolved in MeCN degassed using N 2 (10 mL). The solution was refluxed at 75°C under N 2 for 17 h in dim light. An MeCN solution degassed using N 2 (10 mL) containing Pd(OAc) 2 (0.52 mg, 0.0023 mmol) and PPh 3 (1.3 mg, 0.0050 mmol) was added to the reaction mixture and refluxed for 1 d. Pd(OAc) 2 (1.0 mg, 0.0045 mmol) and PPh 3 (2.4 mg, 0.0092 mmol) were again added to the solution and the mixture was refluxed for 1 d. Evaporation of the solvent gave a red-black solid, which was purified by size exclusion chromatography. The red portion of the eluted solution was evaporated, dissolved in CH 2 Cl 2 and washed twice with water containing NH 4 PF 6 . The red solid was obtained from the organic phase and dissolved in MeOH. A saturated methanol solution of NH 4 PF 6 and a small amount of water were added to the dissolved solid. Evaporation of methanol gave a red solid, which was then washed with water and Et 2 O and dried at 60°C under vacuum. Yield: 15 mg (42%). 1 
